In Saccharomyces cerevisiae, zinc cluster protein Pdr1 can form homodimers as well as heterodimers with Pdr3 and Stb5, suggesting that different combinations of these proteins may regulate the expression of different genes. To gain insight into the interplay among these regulators, we performed genome-wide location analysis (chromatin immunoprecipitation with hybridization to DNA microarrays) and gene expression profiling. Unexpectedly, we observed that Stb5 shares only a few target genes with Pdr1 or Pdr3 in rich medium. Interestingly, upon oxidative stress, Stb5 binds and regulates the expression of most genes of the pentose phosphate pathway as well as of genes involved in the production of NADPH, a metabolite required for oxidative stress resistance. Importantly, deletion of STB5 results in sensitivity to diamide and hydrogen peroxide. Our data suggest that Stb5 acts both as an activator and as a repressor in the presence of oxidative stress. Furthermore, we show that Stb5 activation is not mediated by known regulators of the oxidative stress response. Integrity of the pentose phosphate pathway is required for the activation of Stb5 target genes but is not necessary for the increased DNA binding of Stb5 in the presence of diamide. These data suggest that Stb5 is a key player in the control of NADPH production for resistance to oxidative stress.
In the yeast Saccharomyces cerevisiae, a number of transcription factors that are members of the binuclear zinc cluster family regulate transcription of genes involved in a wide variety of cellular processes. These transcriptional regulators contain six well-conserved cysteines that bind two zinc atoms (CysX 2 CysX 6 CysX 5-12 CysX 2 CysX 6-8 Cys), coordinating folding of the domain involved in DNA binding (18, 49) . The cysteine-rich region is usually followed by a short linker sequence that bridges the zinc finger to a dimerization domain. In most cases, the DNA binding domain is located at the N terminus, while an acidic activation domain is found at the C terminus tail (54) . A region of low homology of approximately 80 amino acids, called the middle homology region, is found in many zinc cluster proteins, is located between the cysteine-rich region and the acidic portion, and may be involved in controlling their transcriptional activities (54) . Members of the binuclear zinc cluster family are unique to fungi and are involved in a wide range of processes, including primary and secondary metabolism, drug resistance, and meiotic development (58) . A well-characterized member is Gal4, a positive regulator of the expression of genes involved in galactose catabolism (38) . Gal4 binds as a homodimer to inverted CGG triplets with a spacing of 11 bp, as revealed by the crystal structure of its DNA binding domain (44) . The yeast genome contains 55 genes encoding putative zinc cluster proteins, and many of them have unknown functions (4, 5) .
Two highly homologous zinc cluster proteins, Pdr1 and Pdr3, positively control the expression of genes involved in the regulation of multidrug resistance (47) . Targets of Pdr1 and Pdr3 include the ATP-binding cassette transporter genes PDR5 and SNQ2, as well as HXT9 and HXT11, which are members of the major facilitator superfamily of transporters (8, 12, 31, 40) . Deletion of PDR1 or PDR3 results in increased sensitivity to drugs, while a double knockout results in hypersensitivity to drugs (11, 31) . We recently characterized Stb5 as a regulator of drug resistance. Stb5, like Pdr1 and Pdr3, is a transcriptional activator of SNQ2, which encodes an ABC transporter required to translocate a wide variety of compounds outside the cell (3). Deletion of this activator leads to a variety of phenotypes, such as sensitivity to cold, caffeine, and the translation inhibitor cycloheximide (3, 4) .
Many zinc cluster proteins bind DNA as homodimers or heterodimers to recognition sites that usually fall within three types: inverted, direct, and everted repeats (22, 41, 44) . Both Pdr1 and Pdr3 recognize CGG triplets oriented in opposite directions (CCGCGG) to form an everted repeat (9, 19, 22, 31, 32, 40) . This motif (called PDRE [for pleiotropic drug response element]) is found in the target genes of Pdr1 and Pdr3, such as PDR5 and SNQ2 (31, 32) . Pdr1 and Pdr3 have been shown to be able to form homo-and heterodimers (42) . In addition, the zinc cluster protein Stb5 interacts in vivo with Pdr1 (but not Pdr3), suggesting that different combinations of homo-and heterodimers may differentially regulate gene expression (2) .
To better understand the interplay among Pdr1, Pdr3, and Stb5, we used a combination of chromatin immunoprecipitation (ChIP) coupled with microarrays containing intergenic and coding regions, a method called genome-wide location analysis or ChIP-chip (53) . Our data show that while Pdr1 and Pdr3 largely overlap, Stb5 colocalizes with Pdr1 and/or Pdr3 at only a few genes. Interestingly, we observed that Stb5 is bound to promoters of genes of the pentose phosphate pathway, which is important for oxidative stress resistance. Importantly, an STB5 deletion strain shows sensitivity to the oxidative agents hydrogen peroxide and diamide. We also show that Stb5 binding at some promoters is increased following diamide addition. Combined global Stb5 binding data and transcriptome profiling in the presence of diamide show that Stb5 acts as both an activator and a repressor in the presence of oxidative stress. Intriguingly, Stb5 activation does not appear to be mediated by a mitogen-activated protein (MAP) kinase pathway or by a mechanism similar to the transcription factor Yap1, two wellknown signaling modules for oxidative stress response. However, loss of some pentose phosphate pathway genes impaired the induction of various Stb5 target genes. Our data suggest that the dual activator/repressor function of Stb5 is important for the control of the pentose phosphate pathway and NADPH production.
ATGTAACACCGACAGCCA (positions Ϫ267 to Ϫ289 bp relative to the ATG); GND1-EF, TCGATGCCTCGGTGTTACGCGGTG and TCGACACC GCGTAACACCGAGGCA (positions Ϫ247 to Ϫ266 bp relative to the ATG); GND1-EF1, TCGATGCCTCTGTGTTACGCGGTG and TCGACACCGCGT  AACACAGAGGCA; GND1-EF2, TCGATGCCTCAGTGTTACGCGGTG  and TCGACACCGCGTAACACTGAGGCA; and GND1-EF3, TCGATGCCT  CGGTGTGACGCGGTG and TCGACACCGCGTCACACCGAGGCA (mutations are underlined) .
Chromatin immunoprecipitations. ChIP experiments were performed as described previously with some modifications (1) . Briefly, cells were grown to an optical density at 600 nm of 0.6 in YPD. This was followed by the addition (or not) of diamide (final concentration, 1.5 mM) or hydrogen peroxide (final concentration, 0.4 mM) for 30 min or 20 min, respectively. Since diamide was dissolved in dimethyl sulfoxide, we added this solvent as a control. Five hundred microliters of whole-cell extract was incubated with either anti-HA (Roche) or anti-Myc (9E10; Upstate Technologies) antibody coupled to magnetic beads (Dynal). Immunoprecipitated DNA was used for either genome-wide location analysis or gene-specific PCR analysis. Three microliters of DNA was used for PCR. The sequences of the oligonucleotides used for ChIP were as follows: ZFW1, TTTGCACCCGTGTACATAAGC and GAAGAATTCGCCACCCTT AGA; SOL3, CATTTCTGGGCTCCTACTTTG and GCGTTTATCTGCCCG TAGTAA; GND1, AGAGAGACCTAAACGTAAGAG and AGCTCAGGAA CAATACTGCAG; RKI1, TACTCAATCATTATCTGCCGG and CGCTGGT TGATATACCACATT; RPE1, TAACAACAGCCAACGACCGAT and GTTC CAGCTTACGGATCAAGA; TKL1, GGAATGAAGCATCCGAAAACG and GAATCATGCCTACGATCGTAC; TAL1, GAAAACAAGAACCGAAA CGCG and ATACGATTCGTTGGAAAGGGG; PGI1, ATGTCAATGAGGC AAGAACCG and GCATTGATTATGAAGAAAGGACC; and GAL1-10, TA CGCTTAACTGCTCATTGCT and GCCAATTTTTCCTCTTCATAACC.
Labeling of ChIP samples. Labeling for ChIP-chip was performed as described previously (13) . Briefly, immunoprecipitated DNA from tagged and isogenic nontagged (control) cells was blunted, ligated to a unidirectional linker, and amplified by PCR using linker-specific primers. A modified base [5-(3-aminoallyl)-dUTP] was included in the PCR at a ratio of two 5-(3-aminoallyl)-dUTP molecules to three dTTP molecules. The PCR products were purified, and the DNA was labeled with either Cy3 (control) or Cy5 monoreactive NHS esters. The Cy3-and Cy5-labeled DNAs were mixed and hybridized to a DNA microarray containing approximately 13,000 spots representing each intergenic and coding region of the S. cerevisiae genome. Detailed protocols and complete information about the microarray content can be found at http://www.ircm.qc.ca /microsites/francoisrobert/en.
Gene expression profiling. Expression analysis was done as described previously (21) (using the QIAGEN cleanup method), starting from total RNA extracted by the hot acid phenol method, except that an 18-dT primer was used in the reverse transcription reaction instead of random hexamers and that RNA degradation was done by using two units of RNase H and 0.5 g RNase A per reaction. The labeled cDNA products were hybridized to a DNA microarray containing approximately 7,000 spots (70-mer oligonucleotides) representing all yeast open reading frames (oligonucleotides purchased from QIAGEN). Detailed protocols and complete information about the microarray content can be found at http://www.ircm.qc.ca/microsites/francoisrobert/en.
Microarray hybridization and data analysis. The labeled DNA was resuspended in 20 l water and 430 l of a solution of digoxigenin Easy Hyb buffer (Roche) containing 50 ng/l salmon sperm DNA, and 40 ng/l yeast tRNA was added. The hybridizations were done at 42°C for 16 to 20 h using Agilent hybridization chambers. Slides were washed first for 15 min at 37°C in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% sodium dodecyl sulfate and then (at room temperature) twice in 0.1ϫ SSC, 0.1% sodium dodecyl sulfate and twice in 0.1ϫ SSC. Then, slides were dried by centrifugation. Slides were scanned using an Axon 4000b scanner and analyzed with Genepix Pro 4.1.
The analysis of the ChIP-chip results was done as described in reference 53. The P value cutoff value used was Յ0.005. The expression data were preprocessed with ArrayPipe 1.7 (23) . The background was subtracted using the "bysubgrid background correction" method. The data were normalized using the "linear model for microarray analysis (limma) loess (subgrid)" method. Replicate slides were merged and the data exported to the Significance Analysis of Microarrays (SAM) 2.20 Microsoft Excel add-on package (59) . The "two-class unpaired" response was used, and a cutoff false discovery rate (FDR) of 0.45% was used to determine significance in the wild-type-versus-self-on-self experiment (1,825/6,748 genes differentially expressed), an FDR of 0.46% was used for the ⌬stb5-versus-self-on-self experiment (2,372/6,748 genes differentially expressed), and an FDR of 4.94% was used to determine which genes were differentially expressed between the wild-type and the ⌬stb5 experiment results VOL. 26, 2006 ROLE OF YEAST Stb5 IN NADPH PRODUCTION 6691
(1,257/6,748 genes differentially expressed). Genesis 1.50 (55) was used for microarray data visualization and to generate some of the figures. All data for ChIP-chip and expression are available (see the supplemental material).
Overlaps with gene ontology processes were performed using the SGD Gene Ontology Term Finder tool (http://db.yeastgenome.org/cgi-bin/GO/goTermFinder).
Promoter sequence analysis. To find a motif highly represented in the sequences we discovered by genome-wide location, we used MDscan, an algorithm for protein-DNA binding sites (37) . Sequences were ranked according to the P value of Stb5 binding before the program was run. The logo picture was generated using WEBLOGO (http://weblogo.Berkeley.edu/logo.cgi). Following the motif identification, we used Regulatory Sequence Analysis Tools (http://rsat.ulb .ac.be/rsat/) to search for the CGGNSNTA motif in all Stb5 target promoters (between Ϫ100 and Ϫ800 bp relative to the ATG).
RESULTS
Stb5 targets are distinct from those of Pdr1 and Pdr3. Zinc cluster protein Pdr1 is able to form homodimers or heterodimers with Pdr3 and Stb5, suggesting that different protein combinations may regulate the expression of different genes (2, 42) . To gain insight into the interplay among the Pdr1, Pdr3, and Stb5 activators, we used genome-wide location analysis (ChIP-chip), a procedure that combines ChIP with hybridization to DNA microarrays (chip) (26, 53) . For this purpose, Pdr1, Pdr3, and Stb5 were tagged at their natural locations with a triple HA or Myc epitope, and ChIP-chip experiments were performed with DNA microarrays covering the entire yeast genome (see Materials and Methods). As expected, all three transcription factors predominantly bind intergenic regions that contain promoters, while virtually no enrichment is observed in coding regions (data not shown). In rich medium, we have identified 26, 60, and 108 target promoters for Pdr1, Pdr3, and Stb5, respectively (P Յ 0.005) ( Fig. 1 ) (see the supplemental material for complete data sets). As expected, we identified known targets for these factors, such as PDR5, SNQ2, HXT9, HXT11, and PDR3 for Pdr1 and/or Pdr3 (8, 9, 12, 31, 32, 40) and SNQ2 for Stb5 (3) . As shown in Fig. 1 , the overlap between the promoters bound by Pdr1 and Pdr3 is quite large (15/26 for Pdr1 and 15/60 for Pdr3). This is consistent with the fact that these two factors can recognize the same DNA element (9, 19, 22, 31, 32, 40) and can heterodimerize (42) . However, a number of promoters are bound exclusively by Pdr1 or Pdr3, suggesting that these factors may also act as homodimers or have additional dimerization partners. More importantly, Stb5 binds almost exclusively without Pdr1 or Prd3 (100/108 targets), suggesting that it functions mostly by itself or as a heterodimer with as-yet-unidentified partners.
In order to gain insight into the physiological role of these factors, we looked at the overlap between the genes bound by Pdr1, Pdr3, or Stb5 and the gene ontology processes. The overlaps were scored statistically, and the most significant gene categories are shown in Fig. 1B . In agreement with previous observations, both Pdr1 and Pdr3 targets are enriched for genes involved in response to drugs. Also, Pdr3, but not Pdr1, binds to genes involved in telomere maintenance. More interestingly, and consistent with the lack of overlap with Pdr1/ Pdr3, the target genes for Stb5 are enriched for different gene categories, namely the pentose phosphate pathway, NADPH regeneration and metabolism, carbohydrate metabolism, and sodium transport. Taken together, these data suggest a role for Stb5 in oxidative stress response, a function which is further explored below.
Stb5 is required for resistance to oxidative agents. Our genome-wide location analysis performed in rich medium revealed binding of Stb5 to the promoters of genes of the pentose phosphate pathway, which generates NADPH, a molecule required for oxidative stress resistance (Fig. 1) . This result suggests that Stb5 may be important for an appropriate response to oxidative stress. We thus decided to investigate the behavior of an STB5 deletion strain by growth assays in the presence of oxidative agents. As expected, Stb5 (but not Pdr1 or Pdr3) is required for growth on plates containing hydrogen peroxide or diamide ( Fig. 2A) . Moreover, two genes of the pentose phosphate pathway, ZWF1 (encoding a glucose-6-phosphate dehydrogenase) and GND1 (encoding a phosphogluconate dehydrogenase) are required for proper growth on oxidative plates (Fig. 2B) (29, 57) . These results confirm an important role for Stb5 in oxidative stress resistance and a link with the pentose phosphate pathway.
Stb5 acts as an activator and a repressor in the presence of diamide. Genome-wide location analysis of Stb5 in rich me- dium led to the identification of genes involved in the production of NADPH through the pentose phosphate pathway (ZWF1, SOL3, GND1, and TKL1) or via other pathways (ALD6, YEL041W, YNL274C, and IDP2). Given the growth defect of a ⌬stb5 strain in the presence of diamide, we investigated the influence of diamide on the binding and activity of Stb5. Yeast cells were grown in rich medium, and diamide was added to a final concentration of 1.5 mM for 30 min. The binding of Stb5, Pdr1, and Pdr3 was analyzed by use of ChIPchip, and gene expression changes were profiled in both wild-type and ⌬stb5 cells (see the supplemental material for complete data).
Treatment with diamide for 30 min induced a massive remodeling of gene expression, with more than 1,700 genes being significantly induced or repressed (FDR ϭ 0.45% using SAM; see Materials and Methods) (Fig. 3A, WT) . Among these genes, expression of about 500 depends largely on Stb5, since their response to diamide is significantly attenuated in a ⌬stb5 strain (FDR using SAM was 4.5%) (Fig. 3A, ⌬stb5) . These genes may be either directly or indirectly regulated by Stb5 upon diamide stress. In order to identify the direct targets, we performed ChIP-chip experiments for Stb5 in diamide-treated cells. Figure 3B shows 59 genes that (i) are affected by diamide, (ii) depend on Stb5, and (iii) are directly bound by Stb5 (FDR ϭ 0.45%) when cells are treated with diamide. As shown in Fig.  3B , Pdr1 and Pdr3 do not bind to a significant number of these genes even in the presence of diamide, again arguing that Stb5 plays a role distinct from that of these two zinc cluster proteins. Importantly, the binding of Stb5 is enhanced at most of these genes when cells are treated with diamide compared to vehicle alone (Fig. 3B , compare diamide-treated Stb5 and vehicletreated Stb5). Most of these genes (46/59) are poorly induced by diamide in the absence of Stb5 compared to what is seen for the wild type (Fig. 3B, ⌬stb5 /WT, green), in agreement with Stb5 being a transcriptional activator. For example, Stb5 is required for proper induction of many pentose phosphate pathway genes, such as SOL3, GND1, GND2, RKI1, and TAL1, as well as other NADPH-producing genes, such as ADH6 and ILV5. Stb5 binding sites (Fig. 3, right) can be detected upstream of approximately half of these genes, further arguing that Stb5 directly regulates these genes. Surprisingly, a nonnegligible fraction of the direct target genes of Stb5 (13/59) is hyperinduced in ⌬stb5 cells compared to wild-type cells (Fig.  3B , ⌬stb5/WT, red), strongly suggesting that Stb5 is a direct repressor of these genes. MGA1, encoding a protein similar to a heat shock factor, is a good example of a gene in that category. Taken together, these data show that Stb5 has both activator and repressor functions, coordinating a relatively important remodeling of gene expression induced by diamide.
We next wanted to determine if Stb5 plays a role in oxidative stress induced by agents other than diamide. We therefore investigated the binding of Stb5 upon addition of hydrogen peroxide by ChIP-chip analysis. Cells were grown to mid-log phase, and hydrogen peroxide was added at a concentration of 0.4 mM for 20 min, a condition known to activate the oxidative stress transcriptional activator Yap1 (20) and genes associated with hydrogen peroxide stress, such as CTT1, GPX2, and TRX2 (data not shown). As expected, Stb5 binds to many genes under these conditions. Interestingly, most of these genes are the same as those bound by Stb5 in diamide-induced stress (not shown). These results suggest that Stb5 responds to either stress by regulating a common set of genes. More experiments are required to determine whether Stb5 also regulates genes that are specific to one particular stress. Stb5 plays a pivotal role in the production of NADPH during oxidative stress. Many direct Stb5 target genes in diamidetreated cells (Fig. 3B) are genes of the NADPH pathway. Figure 3C -which shows the binding of Pdr1, Pdr3, and Stb5, as well as the effect of diamide on the expression of all genes of the pentose pathway and of other NADPH-encoding genes-suggests that Stb5 is a key regulator of that pathway. We confirmed these observations by standard ChIPs (see Fig.   S1 in the supplemental material) and by primer extension analysis for some genes involved in NADPH production (Fig.  4) . Upon addition of diamide, the RNA levels of ZWF1, GND1, GND2, TAL1, YNL274C, ALD6, YEL041W, ADH6, and ALD4 are increased in wild-type cells (Fig. 4, lanes 1 to 3) , whereas deletion of STB5 prevented or reduced this induction (lanes 4 to 6). In the presence of diamide, TKL1 is not induced in wild-type cells, but Stb5 is required to maintain its expression level (Fig. 4, TKL1 panel, compare lanes 2 and 3 to lanes 5 and 6). Stb5 is also required for basal expression of GND1 (GND1 panel, compare lanes 1 and 4). Taken together with our ChIP-chip data, these results show that Stb5 is required for the regulation of all genes of the pentose phosphate pathway but one (RPE1) as well as for the regulation of many other genes involved in the production of NADPH through alternate pathways.
We also wished to determine if the transcriptional repressor function of Stb5 could play a role in the production of NADPH. We focused on the PGI1 gene, which encodes a glucose-6-phosphate isomerase at the interplay between the and STB5 deletion (⌬stb5, second column) strains. The contribution of Stb5 to gene expression upon diamide treatment is displayed in the third column (⌬stb5/WT), which shows the difference between WT (first column) and ⌬stb5 (second column) strains. Genes showing significant expression changes between the ⌬stb5 strain and the wild-type strain using the same SAM analysis parameters are shown as black bars (FDR ϭ 4.9%) (significant). (B) Direct targets of Stb5 in diamide-treated cells. The binding of Pdr1, Pdr3, and Stb5 is shown for cells grown in the presence of diamide (ϩ) or in the presence of vehicle alone (Ϫ) for all genes that show both Stb5 binding to their promoter (P Յ 0.005) and a significant difference in expression between WT and ⌬stb5 strains (as per panel A [significant]). The difference between the expression level for the ⌬stb5 strain and that for the wild-type strain is shown (⌬stb5/WT) as for panel A. Stb5 binding sites are indicated with black dots (see Fig. 5 ). (C) Binding of Pdr1, Pdr3, and Stb5 to the promoters of the pentose phosphate pathway and other NADPH-producing genes. The binding of Pdr1, Pdr3, and Stb5 is shown for cells grown in the presence of diamide (ϩ) or in the presence of vehicle alone (Ϫ) for all genes of the pentose pathway and other NADPH-producing genes. The difference between the expression level for the ⌬stb5 mutant strain and that for the wild-type strain is shown (⌬stb5/WT) as for panels A and B. Stb5 binding sites are indicated with black dots (see Fig. 5 ). pentose phosphate and the glycolysis pathways. PGI1 drives glucose-6-phosphate towards the glycolysis pathway, while its inhibition would favor the utilization of glucose-6-phosphate for the production of NADPH via the pentose phosphate pathway. The PGI1 promoter is bound by Stb5 in diamide-treated cells (see Fig. S1 in the supplemental material), but its expression, despite its hyperactivation in ⌬stb5 cells, had missed our statistical cutoff and was therefore not included in Fig. 3B . However, primer extension analysis confirmed that the PGI1 gene is hyperactivated in ⌬stb5 cells after treatment with diamide (Fig. 4, PGI1 panel) . Taken together, these data clearly demonstrate that Stb5 is required to actively repress the expression of PGI1 and to activate many other genes in order to coordinate the production of NADPH. Identification of Stb5 binding motif. It has been suggested that Stb5 could recognize a CGGNStTAta motif (20) (lowercase letters indicate less conserved nucleotides). We observed a similar motif by promoter analysis of our ChIP-chip data (Fig. 5A) . Because no experiments were done to demonstrate direct binding of Stb5 to this motif, we performed an electrophoretic mobility shift assay with the purified Stb5 DNA binding domain (Fig. 5B) . The GND1 promoter contains three potential binding sites for Stb5. Stb5 can bind to any of these sites in vitro (GND1 AB, CD, and EF probes). Mutations in the middle of the CGG triplet completely abolished Stb5 binding (compare GND1 EF with GND1 EF1 and EF2), while mutation of the highly conserved T residue at position 7 had virtually no effect (compare GND1 EF with GND1 EF3). We also confirmed Stb5 binding at a motif found in the ALD6 promoter (ALD6 AB probe). These results suggest that the motif identified by promoter analysis is important for Stb5 binding in vitro.
Stb5 activation is mediated neither by the Mpk1, Hog1, and Kss1 MAP kinase pathways nor by a Yap1-like mechanism. Two major mechanisms are known to regulate transcriptional changes following oxidative stress: the MAP kinase signaling pathways and the Yap1-like transcription factor-sensing oxidants (24, 36) . We thus decided to investigate the importance of these two mechanisms in the Stb5 activation process following diamide stress.
We first investigated the importance of various MAP kinase pathways on Stb5 activation. If a MAP kinase pathway is re- Figure 6A shows that Hog1, Mpk1, and Kss1, three MAP kinases known to transduce reactive oxygen species (ROS) signals, are not required for activation of GND1, a gene regulated by Stb5 in the presence of diamide (compare lanes 1 to 3 with lanes 4 to 6, 7 to 9, 10 to 12, and 13 to 15). Moreover, Lcb4 and Mek1, two kinases that interact with Stb5 in a twohybrid system (25) , are both dispensable for GND1 induction (data not shown). We also tested others kinases (Pfk26, Fab1, Dun1, Dbf2, and Mrk1) required for diamide resistance according to an S. cerevisiae deletion mutant screening for cellular viability to ROS (57) , but none of the kinases tested were required to induce GND1 (data not shown). These results strongly suggest that Stb5 activation is not mediated by these kinases. Thioredoxin deficiency of a ⌬trx1/⌬trx2 strain leads to an oxidized form of the regulator Yap1. This form causes a constitutive activation of the regulator, resulting in nuclear localization and activation of its target genes in nonstressed cells, suggesting that the thioredoxin system negatively regulates the Yap1 activity (10, 27, 35) . We thus decided to investigate if the activity of Stb5 could be regulated by the thioredoxin and/or glutaredoxin systems. We used primer extension experiments to compare the expression levels of ALD6 in wild-type, ⌬trx1/ ⌬trx2, and ⌬grx1/⌬grx2 cells in the absence and the presence of diamide (Fig. 6B and data not shown) . As a positive control, we looked for the expression of GPX2, a Yap1 target gene. Zinc cluster protein Stb5, in contrast to Yap1, is not constitutively active in the absence of stress in a ⌬trx1/⌬trx2 strain or in a ⌬grx1/⌬grx2 strain, since we did not observe constitutive expression of ALD6 (Fig. 6B, compare lanes 1 and 3) . In contrast, we observed increased GPX2 expression in the absence of stress in the ⌬trx1/⌬trx2 strain (compare lanes 1 and 3) coupled to a hyperactivation in the presence of diamide (compare lanes 2 and 4). These results suggest that Stb5 and Yap1 are not activated by a similar mechanism.
Pentose phosphate pathway integrity is required to activate Stb5 target genes. In an effort to gain some understanding of the mechanism by which Stb5 is activated by diamide, we examined the importance of the pentose phosphate pathway in that process. Leu3 and Lys14, two zinc cluster protein regulators involved in leucine and lysine biosynthesis, respectively, are activated by pathway intermediates (14, 15, 33, 56) . We thus decided to analyze the requirement of many pentose phosphate pathway genes in the induction of different Stb5 target genes (Fig. 7) . Interestingly, we found that the induction of ALD6 and ADH6, two NADPH production genes, via alternative pathways is negatively affected in ⌬zwf1, ⌬gnd1, ⌬rpe1, and ⌬tkl1 strains (compare lanes 1 and 2 to lanes 5 and 6, 9 and 10, 11 and 12, and 13 and 14). The ALD6 and ADH6 genes can still be efficiently induced even in the absence of SOL3 and TAL1 (compare lanes 1 and 2 to lanes 7 and 8 and 15 and 16). Deletion of ALD6 had no effect on ADH6 expression, suggesting that a deletion of an alternative NADPH production gene (outside the pentose phosphate pathway) is dispensable for the activation of Stb5 target genes (ADH6 panel, compare lanes 1 and 2 to lanes 17 and 18). Given the importance of some pentose phosphate pathway genes for activation of Stb5 target genes, we examined the binding of Stb5 in vivo in the absence of GND1. To achieve that condition, ChIP-chip assays of Stb5 in a ⌬gnd1 strain were performed in the absence and in the presence of diamide. The Stb5 binding profiles in the presence of diamide are very similar in WT and in ⌬gnd1 cells (data not shown), suggesting that the pentose phosphate pathway is not 
DISCUSSION
In this work, we used the ChIP-chip technology to better understand the interplay among three zinc cluster proteins: Pdr1, Pdr3, and Stb5. We have shown that the overlap between Pdr1 and Pdr3, two important regulators involved in drug resistance, is large, in agreement with the facts that (i) a doubleknockout strain is hypersensitive to drugs compared to singledeletion strains (11, 31) , (ii) both regulators have the same targets reported in the literature (8, 12, 32, 40) , and (iii) these factors can heterodimerize (42). Pdr1 and Stb5 are able to form heterodimers in vivo (2) . In agreement with this observation, Pdr1 and Stb5 are both bound to the SNQ2 promoter. However, Stb5 binds almost exclusively without Pdr1 or Pdr3 in rich medium, suggesting that Stb5 may be involved in functions different from those of Pdr1 and Pdr3. Indeed, we observed that Stb5 targets are enriched for genes involved in the pentose phosphate pathway and production of NADPH, an important cofactor required for oxidative stress resistance (Fig.  1B) . However, we cannot exclude the possibility that Pdr1 and Stb5 share more common target genes in other conditions. Cells growing aerobically are exposed to ROS such as the superoxide anion radical (O 2 Ϫ ), the hydroxyl radical (OH · ), and hydrogen peroxide, leading to lipid, protein, and DNA damage and eventually to cell death. To overcome oxidative stress, cells possess a variety of defenses (7, 28) . These include both nonenzymatic defenses, such as the small protein thioredoxin and the tripeptide glutathione (reductant molecules), and enzymatic defense systems, such as catalase and superoxide dismutase, to maintain the cellular redox state. One other enzymatic defense relies on the pentose phosphate pathway, which is generally accepted to be the major cellular source of NADPH. Connection between the pentose phosphate pathway and oxidative stress resistance is well established, since mutations in some genes of this pathway render cells hypersensitive to oxidants (Fig. 2B) (29, 57) . ChIP-chip and expression profiling experiments in the presence of the oxidative agent diamide have demonstrated that Stb5 regulates genes encoding enzymes of the pentose phosphate pathway and other genes involved in NADPH production (Fig. 3) . Importantly, an STB5 deletion strain is sensitive to both hydrogen peroxide and diamide ( Fig. 2A) . Phenotypic analyses of single and double knockouts of the ZWF1, ALD6, and IDP2 genes regulated by Stb5 and encoding NADPH-producing enzymes have shown their importance for hydrogen peroxide resistance with different carbon sources (45) . Another NADPH gene regulated by Stb5, GND1, not only is important for tolerance in the presence of diamide and peroxide (Fig. 2B ) but also is required for resistance to menadione and linoleic acid 13-hydroperoxide, two other oxidative agents (57) . Collectively, these results demonstrate an important role for reduced NADPH in oxidative stress resistance. Our data point to Stb5 as a key player in the maintenance of a significant cytosolic pool of the cofactor NADPH following diamide stress.
Surprisingly, combined global Stb5 binding data and the mRNA expression profile in the presence of diamide suggest that it also acts as a repressor (Fig. 3 and 4) . A number of studies have provided models to explain how a transcriptional activator can become a repressor. For example, ZRT2 gene regulation by Zap1 is mediated by the antagonistic effect of Zap1 binding to a low-affinity repressor site downstream of the TATA box and high-affinity sites required for activation upstream of the same element (6) . The Ume6 transcriptional regulator acts as a repressor by interacting with the Sin3/Rpd3 complex but acts as an activator if the interaction occurs with Ime1 (60) . Another mechanism to convert a repressor into an activator is posttranslational modification. For example, Rgt1 phosphorylation in response to glucose is required to abolish the Rgt1-mediated repression of HXT genes and to convert Rgt1 from a transcriptional repressor to an activator (46, 48) . The Hog1 kinase is able to convert the Sko1-Cyc8-Tup1 repressor complex into an activator that recruits chromatin-remodeling complexes in response to osmotic stress (51) .
How Stb5 acts as a repressor/activator is unknown, but it has been suggested that the middle homology region found in many binuclear zinc cluster proteins could control their transcriptional activities. Stb5 contains such a region between amino acids 397 and 475 (54) . One example of this phenomenon is that deletion of that region in the binuclear zinc cluster Hap1 renders the protein active even in the absence of the inducer heme (50) . Similar results were also obtained with another binuclear zinc cluster, Leu3 (17, 62) . The middle homology region could serve as a platform for posttranslational modification and/or protein-protein interaction. It is interesting that Stb5 is able to interact in a two-hybrid system with Sin3, a component of the large protein complex containing the histone deacetylase Rpd3 (30) . The data presented here strongly suggest that the transcriptional regulator Stb5 is activated upon exposure to diamide (Fig. 3) . The stress-responsive MAP kinase pathways and the Yap1-like mechanism are two important signaling modules for oxidative stress response (24, 36) . We have shown here that MAP kinases involved in ROS signaling as well as many other kinases important for diamide resistance are not required for Stb5 activation, suggesting that the activation process is not mediated by these kinases (Fig. 6A and data not shown) . In agreement with this point, none of the kinases tested are able to phosphorylate Stb5, according to a recent global analysis of protein phosphorylation in yeast (52) . In S. cerevisiae, the transcription factor Yap1 has been implicated in the control of the oxidative stress response. Yap1 is able to sense hydrogen peroxide and diamide through reversible disulfide linkage between cysteine residues (10, 35) . Yap1 is oxidized in mutants of the thioredoxin system and becomes constitutively active in the absence of stress (10, 27, 35) . Thioredoxin and glutathione deficiencies do not cause constitutive activation of Stb5, suggesting that the mechanisms of activation of these two important oxidative stress regulators differ (Fig. 6B and data not  shown) . Intriguingly, loss of many pentose phosphate pathway genes affected the induction of different Stb5 target genes (Fig.  7) . However, Stb5 binding is independent of that pathway (data not shown), a result suggesting that increased Stb5 bind- FIG. 8 . Schematic overview of Stb5-bound genes and pathway function for NADPH production following diamide stress. In the presence of diamide, Stb5 binds to all these genes with the exception of RPE1. Stb5 acts as a repressor of the GAC1 and PGI1 genes (gray boxes) and as an activator of all other genes (in bold). The glycolysis pathway is represented by the thick arrows. The dashed box represents the oxidative part of the pentose phosphate pathway that generates NADPH. See the text for more details. (14, 15) . Similar results were also obtained with another zinc cluster protein, Leu3, whose activation depends on the presence of the precursor ␣-isopropylmalate (33, 56) . Our results suggest that Stb5 activation mechanism could be regulated in a similar fashion. Figure 8 shows a model of cooperation between the activator and the repressor roles of Stb5 in the control of genes involved in NADPH production for oxidative stress resistance. Diamide can rapidly cross biological membranes (34) and activate Stb5, leading to repression of GAC1, which encodes a positive regulator of glycogen accumulation (16) (Fig. 3B) . Stb5 also acts as a repressor of PGI1, which encodes a glucose 6-phosphate isomerase required to catalyze the interconversion of glucose-6-phosphate and fructose-6-phosphate (Fig. 4 ) (see Fig. S1 in the supplemental material). This repression would partially block the normal glycolysis pathway and drive glucose-6-phosphate into the pentose phosphate pathway. Diamide induces the activation of the pentose phosphate pathway in an Stb5-dependent manner ( Fig. 3C and 4 ). Stb5 binding increases at some promoters following the stress. In the oxidative part of the pentose phosphate pathway, the reactions catalyzed by glucose-6-phosphate dehydrogenase (ZWF1) and 6-phosphogluconate dehydrogenase (GND1 and GND2) generate NADPH. The nonoxidative part of the pentose phosphate pathway produces fructose-6-phosphate and glyceraldehyde-3-phosphate, which can then be utilized in the pathway of glycolysis. Stb5 is also important for the activation of nine genes involved in the production of NADPH via other pathways ( Fig. 3 and 4) . RPE1 is the only gene of the pentose phosphate pathway not bound by Stb5. Most of these genes listed in this figure contain Stb5 binding sites (Fig. 3C) .
Glutathione is possibly the most abundant redox scavenging molecule in cells (43) and is known to react rapidly with diamide to produce glutathione disulfide, which is formed upon its oxidation (34) . Glutathione disulfide is then reduced by glutathione reductase at the expense of NADPH. NADPH is an essential cofactor for the glutathione-and thioredoxin-dependent enzymes that constitute major cellular defenses against oxidative stress (7, 28) . From our data, it is clear that the transcriptional regulator Stb5 is also a major player in the oxidative stress response, since it regulates genes involved in NADPH production.
